Introduction
This review constitutes the second part of a two-review compilation. The first part focused on the mechanisms and transition states of the Claisen rearrangement using quantum mechanical calculations and ultrashort pulse spectroscopy. The conclusions of the first review shall serve as an introduction to this second review.
Beyond its synthetic power, the Claisen rearrangement is among the best fundamentally investigated reactions [1] [2] [3] [4] [5] [6] . This was done over decades by means of classical reaction engineering/kinetic investigations and physical chemistry. This provided with time considerable insight into reaction mechanisms and revealed structures of their transition states; yet often on heuristic basis and with (many) differing and even conflicting statements in literature which cannot further be resolved and elucidated. Since recently, modern analytical techniques and theoretical/quantum-mechanical chemistry add more detailed and firm evidence of the proposed mechanism. Here, a basis has been laid to resolve conflicting assumptions. Direct proofs of existence of intermediates, and thus finally proposed respective transition states, are nowadays possible both by advanced experimental and theoretical methods [5, [7] [8] .
Ultra-short pulse laser spectroscopy gives very detailed and individual information about all major species on the reaction trajectory, including the transition state, through vibration analysis of many groups within a molecule [5, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . This equals the comprehensive functional-group analysis known from Raman spectra of molecules in their ground state; yet now on a femto-second time scale allowing to catch even the most-short lived species. In this way, massive evidence is provided on the major bond changes and which are the supposed critical structures on a reaction path, most notably which is the transition state (TS). Complementary to that, quantummechanical calculations can yield bond distances and other geometric information which give more direct answer, since it mirrors the key characteristic of the critical species involved, rather than arguing over the boundary conditions [19] [20] [21] . The -----usage of the modern quantum chemistry methods can not only provide geometrical parameters being close to experimental ones but they can correctly forecast the activation parameters of a chemical reaction such as activation energy and reaction enthalpy [22] [23] [24] [25] [26] [27] [28] . Both the new experimental and theoretical approaches allow to break down the multiple interpretations options to one mechanism and one transition state for a given reaction under given conditions.
The main question of this review is what flow processing with its much better defined process conditions and faster characteristic times can add hereto. Flow chemistry considerably widens the processing window of organic reactions. Unknown regions can be explored now. High pressure and high temperature, for example, can be easily realized. Solvent-free processing is common. This review will try to compile the chances and challenges of such processing options and will show what it can add in addition to batch processing.
Starting with an impact-factor analysis for the batch-processed Claisen rearrangement, this is mirrored to what the same and other new impact factor can do for the flow processing of the same reaction.
Factors Impacting the Rearrangement -for Batch Processing
Different means are known to control the Claisen rearrangement [29] . A key to such a control of the reaction is a special stabilization or destabilization of the TS.
Substituent effects
Castro [1] has compiled literature data to investigate the substituent influence on the Claisen rearrangement of allyl vinyl ether (AVE). An acceleration of the rearrangement was given by (i) electron donating groups O, -NH 2 , -F, -CH 3 in position 1 or -OSi(CH 3 ) 3 , -CH 3 , -F in position 2 or -CH 3 , -OCH 3 in positions 4 or 6, or if there were (ii) electron withdrawing groups -CN, -CO 2 -, -CO 2 CH 3 , -CF 3 in position 2 or -CN, -CF 3 in position 4 or -CN in position 5 [1] . On the other hand, a slowing down of the rearrangement is given for (i) electron donating groups -CH 3 , -OCH 3 in positions 5 or (ii) electron withdrawing groups -CN, -CO 2 CF 3 in position 1 or -CN group in position 6.
White and Wolfarth [30] showed that electron-donating groups and polar solvents increase the rate of the reaction. The rates of rearrangement of four allyl p-X-phenyl ethers in three solvents were compared. The rate constants were correlated by using the Hammet equation and s þ values. The r values in different solvents were negative and have quite low values, from -0.5 to -0.7. The correlations obtained mean that the substituents and solvents overall have not much influence onto the chemical reactivity in the ortho-Claisen reactions.
Gajewski [31] assumes that the structure of the TS adopts the features of the substrate or products depending on exothermic properties of the reaction. It will have an associative or dissociative character according to the way that the substituent can stabilize such TS.
In order to determine the impact of the substitution in paraposition for the Claisen rearrangement of allyl phenyl ether (APE), kinetic and thermodynamic parameters of substituted allyl aryl ethers were calculated at the B3LYP/6-311G** level [32] . The results obtained in [32] Table 1 . Thermal Gibbs free energies (ΔG°), thermal enthalpies (ΔH°), entropies (ΔS°), activation energies (E a ), thermal Gibbs free energies for TS (ΔG = ), entropies for TS (ΔS = ), and pre-exponential multiplier (A) calculated at B3LYP/6-311G** level of theory for the Claisen rearrangement of allyl phenyl ethers having substituent in the para-position [32] . The calculated activation energies for the rearrangement and following proton shift reactions are 33.33 and 52.16 kcal mol -1 , respectively. Negative values for the activation entropy confirm existence of the concerted mechanism for the Claisen rearrangement and proton shift reaction. The Hammett r value of -1.34 was obtained in the first step. A negative r value indicates that the electron donating groups slightly increase the rate of the first step. A positive Hammett r value of 2.51 for proton shift reaction indicates that electron withdrawing groups increase the rate of reaction.
A kinetic study led to the proposal of two manifolds to rationalize differences in E/Z-product selectivity: reaction through a chair-or a boat-like TS, or reaction via a distorted (early) TS, where the scissile C-O bond started to elongate while the new C-C bond starts to form [33] . It is proposed that the differences in E/Z-product selectivity arise via reaction through different chair-like TS. 
Quantum chemical calculations of the TS structures in the ortho-aryl-Claisen rearrangement through the chair and boat models were performed [34] . TS structures as shown in Fig. 1 resulted.
From the ΔG values, calculated for rearrangement through the respective chair/ boat TS pairs, it is evident that the chairlike TS is lower in energy than its respective boat-like counterpart indicating that reaction through the chair-like TS structure is more favorable. For TS structure pairs 1/2, 3/4, 5/6, and 7/8 the ΔΔG values are 2.4, 1.6, 2.2, and 2.5 kcal mol -1 , respectively [33, 34] . The absolute and relative computed ΔG values are in good agreement with experimental values (see Tab. 2).
Taking into account the TS structures given in Fig. 8 (see Sect. 3.5) it can be concluded [34] that there is only a small difference in the distances between the scissile and forming bonds of all calculated TS structures, with 2a, 5a, and 5b being nearly synchronous, 2, 3, 4, and 7 being the later TS structures, and 8 being the early TS structure. It is likely that 2c is higher in energy than 2a due to the developing cis-alkene character forming within the TS. The destabilizing effect of the developing cis-alkene, relative to the lower energy trans-alkene, would be especially pronounced if the reaction proceeds through a synchronous or later TS and has progressed more towards formation of the nonaromatic Claisen intermediate, as it is apparent by observation of the lengths of the scissile and forming bonds for 3. The ΔG for reaction involving 5 is expected to be lower than for 3 due to the release of strain associated with converting a cis-alkene into a trans-alkene. Since there will be residual 1,3-diaxial interactions involving the pseudo-axial methyl group, the ΔG for reaction involving 5a will be higher than for 2. The free energy of activation barrier involving TS structure 7 is the highest in energy compared to the barriers involving the other aforementioned chair-like TS due to the formation of a cis-alkene along with many unfavorable 1,3-diaxial interactions that arise from the presence of two pseudo-axial methyl groups. Figure 1 . Transition state structures obtained by a kinetic study [34] (reproduced by permission of Elsevier). 
Solvent Effects
A solvent used for a chemical reaction takes an important role in both mechanism and kinetics [35, 36] . An excellent review describing solvent effects on the Claisen rearrangement was published by Gajewski [36] . General comprehensive discussion of the solvent influence can be found in work written by Schmid [37] . Hughes and Ingold [38] seem to be the first who presented satisfactory qualitative explanation of solvent effects on reactivity by concept of an activated complex solvation. In other words [39] , solvent effects on the rate constant depend on the relative stabilization of the reactant molecule and corresponding TS causing the activated complex solvation. For example, in protic (alcoholic) solvents the principle products of the photo-Claisen rearrangement are 2-and 4-allyl phenol and 3-allyl phenol is formed in very small amount [39] . However, in aromatic hydrocarbons or cyclohexane 3-allyl phenol is obtained in significant amount. But more profound effects lie in the field of kinetics. Hughes and Ingold stated that an increase in polarity causes an increase in reaction rate when the TS is more polar than the initial reagent and causes a decrease when it is less polar. There is more evidence that polar solvents accelerate the Claisen rearrangement [39] [40] [41] . The acceleration of the Claisen reaction with polarity increasing is evident on the base of data shown in Tab. 3 [40] . The data were obtained for the reaction
For example, analysis of the experimental data suggests a rate enhancement at 75°C in di-n-butyl ether of 9 and in water of ca. 1000 compared to the gas phase, leading to a barrier lowering of 1.5 and 4.7 kcal mol -1 , respectively, if the classical TS theory is used [41] . The effect of polar solvents on the rates of the Claisen rearrangements with special attention to assessment of ionic character was studied in [39] . A factor of 100 is given when going from the least polar (tetradecane) to the most polar (p-chlorophenol) for the ortho-Claisen rearrangement [42] .
Not only polarity is responsible for the acceleration. It has been found long ago that the Claisen rearrangement acceleration can be caused by hydrogen bond formation [43] [44] [45] . Using quantum mechanical computational methods, Jorgensen [40] has developed a model to explain the aqueous acceleration of the Claisen rearrangement involving hydrogen bond interactions between two water molecules and the core heteroatom of the AVE in the optimized TS structure. It is worth to cite here in original wording of Rawal [45] , stating that "hydrogen bonding by a simple chiral alcohol to a carbonyl group can accomplish what has previously been considered to be the domain of enzymes, catalytic antibodies and metal-based Lewis acids. These studies indicate the broad potential for hydrogen-bond catalysis in asymmetric synthesis".
Water is the most effective among hydrogen-bond forming solvents [46] . It was shown that the nonenzymatic rearrangement of chorismate to prephenate occurs 100 times faster in water than in methanol [47] . The rate acceleration in water comes from the hydrophobic effects and the hydrogen bond donating ability of water, increased hydrogen bonding of water to the TS [36] .
The simulations, Monte Carlo calculations and free-energy perturbation theory, have shown [48] that in the case of water, the rate enhancement is derived from the ability of the interfacial water molecules to stabilize a polar TS via enhanced hydrogen bonding at the oil/water interface. The position and orientation of the aromatic ethers at the interface are crucial factors affecting solvent accessibility during the reaction pathway. Computed solute-solvent energy pair and radial distribution functions show that the hydrophobic substituent of the solute provided more polar solvent environment than the hydrophilic substituent by tilting the reacting oxygen toward the water surface. Hydrophobic effects did not provide a substantial contribution in the lowering of the free energy activation barrier, less than 0.5 kcal mol -1 . Solvent polarizability via a polarizable force field was also found to be negligible in the observed rate accelerations. It was reported that an on-water environment, defined by the absence of water solubility of reactants, provide an increased rate acceleration, yield, and specificity compared to the case of organic solvents [48] .
Catalytic Effects
The most important drawback of the Claisen rearrangement is the need for the relatively high temperature that is necessary to perform the reaction effectively. General way to overcome the drawback is to use a catalyst. An excellent review on catalysis in the Claisen rearrangement has been published [6] . Numerous substances such as transition-metal complexes, Lewis acids, Brønsted acids, bases, and water have been developed to catalyze the Claisen rearrangement and accelerate it [6] . Maruoka et al. [27, 49] have shown that the reaction rates of the AVE derivatives are increased in the presence of aluminum complexes. The catalyst on the basis of copper (II) complexes was also described [50] . A catalyst containing palladium metal has also been developed [51, 52] . The last reaction was found to proceed with involvement of the boat-like TS due to the coordination of palladium atom to both olefins. Metal-containing catalysts are generally able to enhance the rate of the Claisen rearrangement. However there are other very effective catalysts of organic nature.
Using quantum mechanical computational methods, Jorgensen has developed a model explaining the aqueous acceleration of the Claisen rearrangement involving hydrogen bond interactions between two water molecules and the core heteroatom of the AVE in the TS structure and used the obtained results to create new catalysts. Consistent with his hypothesis, compounds capable of dual hydrogen bonding such as ureas and thioureas were tested in Claisen rearrangement reactions and demonstrated modest rate accelerations when used in stoichiometric or super-stoichiometric amounts [53] .
where Ar = 2,5-(CF 3 ) 2 C 6 H 3 . Severance and Jorgensen [40] have described the Claisen rearrangement in the presence of thiourea supposed on the basis of DFT (density functional theory) calculation to be a potential organic catalyst. They observed slight reproducible rate accelerating effects shown in Tab. 4.
The authors have calculated the TS structures (shown in Fig. 2 ) with quantum chemistry methods [40] .
A greater catalytic effect can be found for other complex forming compounds. The N,N -diphenylguanidinium ion associated with the noncoordinating BArF -counterion [54] is an effective catalyst for the Claisen rearrangement of a variety of substituted AVEs. 
In this case it is possible to form quaternary stereo-centers having excellent diastereoselectivity and enantioselectivity. Catalytic Claisen rearrangements with high enantioselectivity of ester-substituted AVEs are found to take place when using the new C 2 -symmetric guanidinium ion catalyst.
The promotion of the Claisen rearrangement of ortho-allyl a-ketoesters and induction of enantioselectivity through chiral arylpyrrole-substituted guanidinium ions was investigated by experimental and computational methods [55] . In addition to the stabilization of the developing negative charge on the oxallyl fragment of the TS by hydrogen-bond donation, evidence was obtained for a secondary attractive interaction between the p-system of the catalyst aromatic substituent and the cationic allyl fragment. The enantioselectivity across a series of substituted arylpyrrole derivatives varied as expected from the above. This mechanistic analysis led to the development of a new para-dimethylaminophenyl substituted catalyst which afforded improvements in enantioselectivity relative to the parent phenyl catalyst for a representative set of substrates.
Temperature Effects
The activation energies of the great majority of the classical Claisen rearrangements are in the range of 27. ment of APE was calculated by B3LYP/6-311 + G** calculation to be 35 kcal mol -1 , which is in good agreement with earlier reports [57f]. The activation energy values imply that elevated temperatures of up to 300°C are crucial to achieve full conversion of APE in the Claisen rearrangement.
The use of high temperatures in the Claisen rearrangement allows to decrease reaction durability significantly. However, such processing is rather difficult to attain under conventional batch conditions and may deteriorate selectivity.
Pressure Effects
Another important physical parameter that can affect the reaction rate of the Claisen rearrangement is the pressure [58] [59] [60] [61] [62] . Typically, transformations that are accompanied by a decrease in volume (activation volume) are accelerated when pressure is increased.
It can be shown [58] [59] [60] [61] [62] that
Here, k is the reaction constant, P is the pressure, R is the Boltzmann's constant, T is the temperature, and DV is activation volume.
The Claisen rearrangements display a negative activation volume ranging from -13 to -6 cm 3 mol -1 [60] . In the case of the Claisen rearrangement DV of AVE and allyl para-cresol ether in nonpolar solvents is -18 cm 
Learning Lessons with the Same
Impact Factors for Flow Chemistry
Beyond the Batch Process -Improvement Opportunities through Flow Processing
In the last decade, microreactor technology was much further developed and even applied on industrial scale [63] , including the Claisen rearrangement [64] [65] [66] [67] . It became almost a routine part of chemical reactor engineering. More and more chemists were attracted by the new synthesis tool since they discovered that it opens doors to new chemistries, in particular under harsh conditions. Novel process windows widened the synthetic possibilities and toolbox of the chemists [68] [69] [70] [71] ; adding chemical intensification to the prior developed transfer intensification. The term flow chemistry emerged.
A detailed benefit and potential analysis of microreactors and flow chemistry can be found in many reviews, see [63, [72] [73] [74] . For the purpose of this paper, it is useful to recall the main benefits in the following. High surface-to-volume ratios up to 10 000-50 000 m 2 m -3 enable excellent heat and mass transfer rates [72] which constitute the transfer intensification. The heat exchange in microchannels is very efficient. Heat transfer coefficients reach values in the order of 10 kW m -2 K -1 [63, 67, 72] . The temperature of most reactions in flow has thus an even distribution avoiding local overheating. Yet there is a tendency to operate even quite exothermic reactions at highest concentration or solvent-free so that inevitably small hot spots are formed, yet in process windows inaccessible with conventional technology. Micromixers can mix on pilot-and industrial-scale level in some 100 ms and on laboratory-scale reach down to a few ms, if needed. This gives completely new opportunities to reactions which proceed on a time scale below one second such as ultrafast organometallic reactions like BuLi chemistry, Grignard, etc.
Enhanced heat and mass transfer can essentially inhibit side and diminish follow-up reactions, respectively [72, 75] . The substrate reaches the energy threshold of the reaction quickly after it flows into the heated part of the microchannel and quickly moves out from the part. Through very fast mixing, mixing and concentration masking, commonly known for ultrafast reactions, are absent. In this way, transient reactant excess environments are avoided which are known to foster multiple reactions. As a result, compared to traditional reaction systems, products contain fewer impurities and have higher yields and/or higher selectivity in flow [76] [77] [78] [79] . The high reaction selectivity is often the result of precise residence and reaction time setting combined with the excellent heat exchange in flow. Most often, reaction and contact time are shortened in flow; often by several orders of magnitude.
A microreactor is also a closed system with small inventory. This leads to better handling of short-lived, sensitive species and intermediates which cannot tolerate at all effects of moisture and oxygen. Moreover, safe operation in process windows is possible which are not possible with conventional equipment. There are several industrial reports about further scaling-up of reactions in flow which were formerly stopped due to safety concerns [63] .
With such background, the flow synthesis results are analyzed in the light of the same impact factors as done above for the batch syntheses, namely grouped into choice of substituent, solvent to carry out the reaction, catalyst added to activate the reaction, imposed temperature, and pressure regime. These define novel process windows for the Claisen rearrangement [68] [69] [70] [71] .
Since flow processes have to be done at much shorter residence times than batch syntheses, the question of proper activation is to be addressed; in particular concerning relatively high values of the Claisen rearrangement activation energy. Yet, the new process windows are more than just a need to realize, they may provide new opportunities not seen before with batch technology. The temperature used should be quite high, up to 300°C and more. Yet, other means of smart activation at lower processing temperature provides certainly an alternative to the use of high temperatures.
Such alternatives include (i) use of a suitable catalyst; (ii) noninertial ways to activate the process, such as microwave heating, photochemical initiating, vigorous mixing, localization of heating into a zone where the reaction really takes place; (iii) use of elevated pressure taking into account negative value of activation volume. Microreactors commonly facilitate the use of such alternative activation for a number of reasons and indeed such novel process windows were tested in flow [68] [69] [70] [71] . The use of the microreactor or microfluidics concept might be considered as the simplest way to solve the shortcomings of the existing industrial realization of the Claisen-like processes [64-67, 80, 81] .
While offering thus unique chances for reaction control, so far less effort has been made to couple microreactors to modern inline and online analytical tools, and to use them accordingly as dedicated tool to confirm theoretical chemistry considerations. This forced us to include descriptions of some ideas from chemical kinetics which seem to be useful to describe peculiarities of the Claisen rearrangement when applied in flow. The overall idea of using batch information to optimize flow chemistry and finally to find novel process windows in flow is given in Fig. 10 (see Sect.-3.7). This is just following routine practice in our laboratories and all over the world. After such general discussion, now a summary about impacts on the Claisen rearrangement performed in flow as given above will be provided.
Substituent Effects
The yield of 2-allyl-4-chlorophenol in flow increases along with residence time to reach 37 % for 30 min at 200°C [66] . The conventional batch mode of the Claisen rearrangement reaction gave only a yield of 14 %. Even comparatively small temperature increases have notable effect on the yield. The results obtained for other para-substituted phenyl allyl ethers are dependent on substituents and shown in Tab. 6.
It is evident from data shown in Tab. 8 (see Sect.-3.4) that the yields in the flow mode are substantially larger than from the batch one and seem not to alter for different substituents as much as given in batch mode.
Catalyst Effects
As outlined earlier, various catalysts have shown great influence on the yield and selectivity in the case of batch reactor. 
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What are the gaps? Figure 3 . Links between the batch and flow chemistry for mutual optimisation and to widen the process window by flow operation.
Yet, the speeding-up effect of the desired reaction through using the catalyst may go along with making faster as well followup products as follows. It is known from batch synthesis that the primary Claisen product allyl phenol (from APE) can react further to the corresponding furan by cyclization when the reaction is carried out in an inert solvent such as 1,1,2,2-tetrachloroethane (TCE) or phenyl rings, from decomposition of the Claisen reactant, added to the double bond when it was carried out in a reactive solvent such as benzene or toluene, as given below [82] , see also [83] .
allyl phenyl ether allyl phenol furan 
The kinetic constants for these three reactions were determined in toluene and terachloroethane (see Tab. 7) [82] . Despite the solvent, they vary considerably with increasing temperature leading to the advantage of obtaining the allyl phenol as the desired product. Indeed, at high temperatures in flow, there is much profitable situation compared to the batch study [82] , and hardly any furan cyclization or other follow-up product was found [64] . This is probably partly due to the strong reduction in residence time which allows (partly) cutting off the follow-up products formation which emerge on a later time scale than the desired (intermediate) product.
With such motivation, it was aimed to investigate the effect of Lewis acids on the overall and individual kinetic rates as given above for the same reaction [84] . APE, 0.5 M in ethanol, was converted using a microcapillary (ID: 500 μm; length: 10 m) operated at temperature of 240°C and pressure of 125 bar. BF 3 was the Lewis catalyst used at 10 % concentration. The results are given in Fig. 4 .
Indeed, a considerable activation boost is given when increasing the residence time which achieves almost 60 % and 100 % conversion in less than 4 and 20 min, respectively [84] . Yet, the furan is the main product and virtually no allyl phenol was formed (not shown here). Even variation of the solvent to butanol, benzonitrile, or acetonitrile did not change the situation. Thus, it can be concluded that the use of the BF 3 Lewis catalyst led to reaction acceleration towards allyl phenol, but even to more promoted conversion of the product to furan by subsequent cyclization. Albeit processing was made at high temperature, a product pathway preference just opposite to the noncatalytic high-temperature processing was found.
Solvent Effects (Including Reaction Environment)
Due to their small internal volumes, flow reactors do not need the presence of a solvent for filling reasons or as dilution media to control potential exothermic heat releases. Thus, solvent-free or high-concentration operation is quite common. New tailored, innovative solvents such as ionic liquids, supercritical fluids, and fluorous solvents offer many new possibilities for enhancing the reaction environment influence, especially when combined with the process control provided by flow reactors.
A particular important point is that solvent selection for high temperature windows is not restricted anymore by the solvent's boiling point and low-boiling solvents can be used at the desired high temperature [64] . Following these lines, the Claisen rearrangement of APE to ortho-allyl phenol (o-AP) was performed in subcritical water (SCW) [65, 85] . In a solvent-free conventional method, o-AP was produced with 85 % yield at 220°C, ambient pressure, and at a reaction time of 6 h. While in a similar batch process, but using SCW, the yield of o-AP was 84 % in addition to shorter reaction time of 10 min at 240°C and 3.4 MPa. The comparison of these two methods with the microreactor case is shown in Tab. 8 [65] .
The reaction time in the flow reactor is further decreased to about 2.5 min, while the yield is still notably further increasing. This example shows clearly how the combination of tailored solvent and flow reactor can lead to the opening of a new process window with increased intensification. This approach is Figure 4 . Conversion vs. residence time for the Claisen rearrangement of phenyl allyl ether to allyl phenol in flow at 240°C and 125 bar using BF 3 Lewis catalyst (10 % in ethanol) [84] .
considered environmentally benign and is useful for the green organic synthesis [65] . Additionally, Kawanami et al. [85] used high-pressure, hightemperature (HPHT) water as a solvent in microreactor to produce ortho-and para-allyl phenol (Fig. 5) . The study shows that HTHP water plays a significant role as a catalyst to speed up the reaction by transferring a proton with locally created hydrogen bond with substrate. In this study, the same results as the ones mentioned under the same conditions [65] were produced. Moreover, by substituting an electron donating group like a methyl group at ortho-and para-position of APE, the conversion over > 95 %, compare to only APE with no substituent, were achieved in lower reaction temperature (210°C).
A comprehensive investigation of process windows in flow was done, comprising the investigation of high temperature, high pressure, high concentration, and solvent effects on the Claisen rearrangement and the Johnson-Claisen rearrangement [64] . The use of high temperature enabled in all experiments to have a sufficiently fast reaction rate. In a solvent screening study, 1-butanol was the optimal reaction solvent for this transformation in flow (Fig. 6) . The study shows also how even smart differences in the solvents used, as, for example, in the case of different isomers (1-and 2-propanol), can be monitored in flow reactors over the full range of temperatures studied. Solvent-free reaction conditions were feasible for the Claisen rearrangement and provided quantitative yields of the target product at 280°C and 100 bar. The use of high pressure enables the superheated processing giving the base for the use at high temperature. Pressure gives also its own intensification when temperature is kept constant. Yet, it has to be questioned if thermal expansion and pressure-related compression phenomena at such harsh reaction conditions are not partly or completely to be the cause of the effect found. These phenomena can lead to deviations of the desired residence time. Indeed in [64] , a clear impact of the observed reaction trends is achieved. High-temperature operation in flow was also feasible for the Johnson-Claisen rearrangement of cinnamyl alcohol. Quantitative yields were obtained at 200°C and at 100 bar.
In view of what has been presented above, it should be noted that there is a nonconsistency between the close match of dielectric constants, polarities, and hydrogen bond formation ability of ethanol and n-butanol and shown large difference in reactivity. The point is that the new windows opened by flow chemistry influence still upon other properties which may control the Claisen rearrangement effectiveness, see Sect. 3.1. Firestone and others [86] have observed an increase of the reactivity in solvents of different viscosity. At 130°C, the relative rates of the Claisen rearrangement of APE are 1.00, 0.98, 1.13, and 1.36 in n-octane, isooctane, n-octacosane, and Nujol, whose Figure 5 . The Claisen rearrangement products of APE in HTHP water [85] (reproduced with permission of Elsevier). relative viscosities at 100°C are 1.00, 0.94, 4.92, and 11.8, respectively. Addition of polyethylene to the Nujol raises the relative viscosity to 48.5 and relative rate to 1.70. The latter means that there is a marked influence of the reagent molecules mobilities on their reactivities in the Claisen rearrangement.
Complexing and chelating agents can provide anisotropic reaction environments (microcavity) within solvents and consequently can (significantly) alter the product distribution. The photo-Claisen rearrangement of APE in water solutions containing b-cyclodextrin leads to para-and ortho-allyl phenols and phenol as main products [87] . The quantum yield for the APE forming a complex with b-cyclodextrin is different for free APE, being higher for ortho-product, almost the same for the para-product and lower for phenol. The ortho-selectivity remained the same in the photolysis of APE-b-cyclodextrin complex in the solid state.
Yet, even in the presence of a microcavity agent, the solvent itself still can play a role. In the presence of zeolite NaY, the ortho-to-para ratio in the photochemical Claisen-like rearrangement was different in the case of nonpolar (hexane) and polar (methanol) solvent and in hexane. In all cases, the orthoisomer prevailing over para-isomer.
Temperature Effects
The use of high temperatures in the Claisen rearrangement allows to reduce the reaction times significantly. Such processing is rather difficult to attain under batch conditions. In contrast, the combination of sealed microreactor technology and back pressure regulators provides opportunities to heat the reaction mixture far above the boiling point of the solvent. Consequently, solvent selection for high temperature novel process windows is not restricted anymore by the solvent's boiling point [64, 88] .
Razzaq et al. applied the high-temperature/pressure flow system to perform the Claisen rearrangement of APE [88] . In addition, the high-temperature/pressure flow system allowed them to study this rearrangement in low boiling point solvents in or near their supercritical state (Fig. 7) .
In contrast to observations under batch conditions, the best results are obtained in flow mode with longer chain alcohols. Based on experimental data, Kobayashi et al. [64] have calculated the activation energies for the Claisen rearrangement and these values follow the same reaction order as observed in batch: ethanol > 1-butanol > 1-hexanol. Yet, the sequence could reflect also the different thermal expansion of the solvents [66] .
Microwave (MW) heating provides an alternative to the fluidic microreactor heating [89, 90] . Damm et al. [91] made a comparison between batch MW and conventionally heated flow scale-up protocols for three selected model reactions. Compared to a standard MW batch reactor, higher temperatures and pressures can be attained in a microreactor, therefore allowing further significant process intensification [91] . Conventional processing at the reflux temperature of the solvent requires reaction times of ca. 2-3 days for the Diels-Alder reaction in toluene at 110°C. Using sealed vessel MW heating on a small scale (2 mL) at up to 270°C, these reaction times could be reduced to a few seconds or minutes [91] .
The space-time yields obtained with the continuous flow reaction system were significantly higher, up to a factor of 80, than those resulting for the batch experiments. Therefore, high-temperature/pressure flow processing has significant potential for the manufacturing industry. At the same time, it needs to be emphasized that not all chemical transformations can be executed at these extreme conditions [91] . Scaling in the MW-assisted protocols require a reasonably strongly MW absorbing reaction medium in order to allow efficient heating by dielectric mechanisms [92] . When the absorption of the solvent/reaction mixture is low, scaling of the MW processing becomes difficult.
Moseley et al. [92] applied an automated stop-flow microwave to six pharmaceutically relevant-reactions. One of the chosen reactions is ortho-Claisen rearrangement of 1-(2-methylallyloxy)naphthalene and thereafter closure subsequent ring to the benzofuran (Fig. 8) . Accordingly, the Voyager stop-flow microwave could reach 95 % conversion and throughput of 60 g h -1 after 12 min holding time and cycle time of 21 min. By scaling up, and performing 48 batches in the same cycle time, 1.44 kg of product could be gained on a daily basis.
Moreover, in another work, Moseley et al. [93] presented results of the same above mentioned reactions in a continuous flow microwave reactor. Results are shown in Tab. 9.
There is a less dangerous and often higher efficient alternative to the MW heating, using a changing magnetic field. Kirschning et al. have used a microreactor packed with iron oxide magnetic nanoparticles [94] . These nanoparticles generate heat when they are exposed to a constantly changing magnetic field (25 kHz). The nanoparticles are coated with silica to prevent degradation and to enable easy chemical derivatization of the nanoparticle surfaces for their enhanced reaction capabilities. One of their model reactions was the Claisen rearrangement. The flow synthesis was performed at 170°C by the nanoparticles and gave 85 % yield of the product. Only 62 % yield was obtained by conventional heating.
Nonthermal Activation Effects: Photochemistry
Maeda et al. compared the batch and flow variant of the Photo-Claisen rearrangement [67] . In the batch process, irradiation of a benzene solution containing 2-[(2,4,6-trimethylphenoxy)-methyl]-1-(methoxycarbonyl)naphthalene carried out for 8 h, led to the formation of the cyclohexa-2,4-dienone derivative (22 %) as the photo-Claisen-type rearrangement product along with the meta-rearrangement product (19 %), 1-methoxycarbonyl-2-methylnaphthalene (9 %), and the dimeric product 1,2-bis[1-(methoxycarbonyl)naphthalen-2-yl]ethane (12 %). When the same photoreaction was carried out using a flow reactor (0.03 mL h -1 ), 75 % conversion of the initial compound was achieved in 2.2 min residence time. The quantum yield in photochemical flow reactors is generally much higher than in batch owing to the small illuminated dimensions. No deeper penetration can be achieved in a batch reactor despite its large volume which means that the major part of the volume is unaffected feed tank which needs to be continuously transported to the outer shell by stirring where activation is possible. In addition, the products formed include cyclohexa-2,4-dienone derivative (33 %), the meta-rearrangement product (25 %), and 1,2-bis[1-(methoxy-carbonyl)naphthalene-2-yl]ethane (3 %). The reaction time was dramatically shortened in comparison with that using the batch system and the yield of the cyclohexa-2,4-dienone derivative increased, while the formation of 1-methoxycarbonyl-2-methylnaphthalene and 1,2-bis[1-(methoxycarbonyl)naphthalene-2-yl] ethane was suppressed. A further increase in the cyclohexa-2,4-dienone derivative/meta-rearrangement product ratio was brought by increasing the flow rate to 0.04-0.05 mL h -1 . Maeda et al. proposed that a radical pair plays the key role in the mechanism of the flow photo-Claisen rearrangement [67] . Both in-cage and out-of-cage radical reactions contribute much to the final mixture of products. A meta-rearrangement product is formed by a secondary reaction. The high conversion and selectivity obtained are attributed to more efficient light absorption in thin layers [67] and the suppression of the secondary reactions. Fig. 9 explains the last hypothesis: the primary photoproduct formed in the flow system is quickly removed from the irradiated area, and as a result, the formation of a secondary product is diminished.
Pressure Effects
As mentioned in Sect. 3.5, the Claisen rearrangement was performed at high temperature/pressure, very close to the critical conditions for the solvent. With EtOH as a solvent and at a reaction temperature of 280°C, the Claisen rearrangement was executed at varying pressures between 75 and 200 bar [88] . Essentially, no significant dependence of the conversion on the pressure was observed (Fig. 10) .
However, using another solvent and at still higher pressure, some slight pressure effects were observed by Kobayashi et al., as the reaction time was reduced [64, 95] . In the pressure range from 50 to 300 bar, the yield for the Claisen rearrangement was enhanced from 52 to 67 % (Fig. 11) and further increase could be expected once high pressures can be achieved in a micro-reactor. In addition, it was observed that the reaction is enhanced by the use of protic solvents, probably due to the catalyzing effect of hydrogen bonding.
In Sect. 2.5 an equation is given which describes the pressure dependence of the reaction rate to be related to the partial molar volumes in the standard state between the transition state and the reactants. Thus, reactions with volume compression are enhanced under higher pressure, while dissociative processes are restricted by increasing pressure. In the Claisen rearrangement reaction cyclic intermediates are proposed where atoms of the reactant are more closely packed. The volume difference between the partial molar volumes of reactants and products is usually determined experimentally from the pressure dependence of the rate constants. Most association reactions and bond cleavage mechanisms account for -10 and 10 cm 3 mol -1 in volume change, respectively [96] . In general, the activation volume is the basic piece of information to identify the structure of the transition state and to clarify the reaction mechanism. This knowledge can be of great practical importance. Whenever a reaction can develop along different pathways associated to transition states with distinct activation volumes, the pressure variable offers the opportunity to control the selectivity of the reaction. This is also the case, when the reaction proceeds as a multistep process and the pressure has a different effect on the various intermediates. Pressure increase will favor reaction pathways corresponding to more negative activation volumes.
A further material-and nonreaction engineering-based explanation of the pressure influence is provided by the dependence of viscosity on pressure. Pressure increases the viscosity of liquids in an exponential manner [97] .
where, g is the pressure coefficient, for the majority of organic solvents at 25°C the pressure coefficient is 3-6 10 -4 bar -1
; p is the pressure in bar, and h and h 0 are the viscosity at pressure p and p 0 = 1 bar. The Claisen rearrangement shows a viscosityrelated acceleration at elevated pressures [97] .
A third explanation is based on the volume compression of liquids under pressure. Although liquids are generally considered as incompressible fluids, at the elevated pressures and temperatures employed in this study, this simplification is no longer valid (Fig. 12) . It is therefore difficult to attribute the increase in yield exclusively to pressure effects and one must take into account that part of the yield increase is due to prolonged reaction times. There exists a significant difference in residence time of almost 30 s between the experiments performed at 50 and 300 bar (Fig. 12) [64].
Concentration Effects
Being a unimolecular reaction, it is not surprising not to observe strong concentration effects on the Claisen rearrangement yield (Fig. 13) [64] . Yet, solvent-free processing can make considerable difference to highconcentration solvent processing which is likely to be caused by the difference in the reaction medium parameters such as dielectric constant and viscosity. For solvent-free processing, reactant and product provide the reaction medium. Figure 9 . Schematic explanation of the difference in product selectivity observed between batch and flow reactors [67] (reproduced with permission of Springer).
Reaction Time Effects
action time through using high reaction temperatures is a way to achieve high selectivity, while not comprising the conversion. Often, flow processing is mandatory for this [66] . To find the minimal needed kinetic reaction time, simple flow rate variations give the first idea. Kong et al., however, varied the residence time at fixed flow rate by processing at different reactor lengths and found that the yield of the Claisen rearrangement in a microreactor is affected by the flow rate (see Fig. 14 ) [66] . For the lower flow rate higher yields at all fixed residence times were found [63] . The difference in yield between the two flow-rate settings decreased, while the residence time increased. During more than 100 years development of the Claisen rearrangement, it became a well-known synthetic method with several applications. Among other causes, an even wider application in industry is certainly somewhat hindered by the need to process at elevated temperature, while still needing very long residence time. In flow processing, such high-temperature processing is standard and the reaction times are much shorter. The match between synthesis and processing seems to be better in flow processing. Further, flow processing offers additional unique chances through reaction integration -a first flow reaction can synthesize a product which then can be directly used as reactant for a second flow-based Claisen rearrangement. This flow coupling leads to a widening of the synthetic space. A separate report on this issue will follow soon.
Beyond its synthetic power, the Claisen rearrangement is among the best fundamentally investigated reactions. This was done over decades with the means of classical reaction engineering/kinetic investigations and physical chemistry. This provided with time considerable insight into reaction mechanisms and revealed their transition states; yet often on heuristic basis and with (many) differing and even conflicting statements in literature which cannot further be resolved and elucidated. Since recently, theoretical/quantum-mechanical chemistry and modern analytical techniques add more detailed and firm evidence of the proposed mechanism. Here, a basis is laid to resolve conflicting assumptions. Direct proofs of existence of intermediates (and thus finally proposed respective transition states) are now possible.
Thus, the Claisen rearrangement shows nicely how far theoretical investigations are possible and also what cannot be resolved even today. Such deep knowledge is not available throughout many organic reactions done in batch; even for those generally used. Opposite to that, there is, to our best knowledge, no use of theoretical/quantum chemistry and physical chemistry approaches in flow chemistry. This seems to leave significant unreleased potential since small flow reactors have many advantages which allow to gather more and more reliable and previously not accessible data which can validate or further develop theories and assumptions in reaction mechanisms. This is, among others, due to fast response times, fast processing times, coupling with fast (real-time), on-line analytics.
While this has not been exerted so far for the Claisen rearrangement in flow processing, the authors are working towards reporting on this in the future, a simple juxtaposition of impact factors known from batch and flow processing can give first insight on how sensitive and predictable the flow process reacts on process settings and which process windows it opens for future mechanistic investigations. The power of the latter have been reported in detail in the first review [98] of this two-part compilation. To summarize what has been presented throughout this review, the latter were grouped with regard to the mechanistic and transition-state analysis. Tab. 10 contains a comparison of process windows for old and novel processing of the Claisen rearrangement (modified variant of the table shown in [43] 
